We have physically and genetically characterized 20 symbiotic and 20 auxotrophic mutants of Rhizobium meliloti, the nitrogen-fixing symbiont of alfalfa (Medicago sativa), isolated by transposon TnS mutagenesis. A "suicide plasmid" mutagenesis procedure was used to generate TnS-induced mutants, and both auxotrophic and symbiotic mutants were found at a frequency of 0.3% among strains containing random TnS insertions. Rolfe et al. (16, 17) to obtain symbiotic mutants of R. trifolii strains SU329 and SU843.
We have physically and genetically characterized 20 symbiotic and 20 auxotrophic mutants of Rhizobium meliloti, the nitrogen-fixing symbiont of alfalfa (Medicago sativa), isolated by transposon TnS mutagenesis. A "suicide plasmid" mutagenesis procedure was used to generate TnS-induced mutants, and both auxotrophic and symbiotic mutants were found at a frequency of 0.3% among strains containing random TnS insertions. Two classes of symbiotic mutants were isolated: 4 of the 20 formed no nodules at all (Nod-), and 16 formed nodules which failed to fix nitrogen (Fix-). We used a combination of physical and genetic criteria to determine that in most cases the auxotrophic and symbiotic phenotypes could be correlated with the insertion of a single TnS element. Once the TnS element was inserted into the R. meliloti fenome, the frequency of its transposition to a new site was approximately 10-and the frequency of precise excision was less than 109 . In approximately 25% of the mutant strains, phage Mu DNA sequences, which originated from the suicide plasmid used to generate the TnS transpositions, were also found in the R. meliloti genome contiguous with TnS. These latter strains exhibited anomalous conjugation properties, and therefore we could not correlate the symbiotic phenotype with a TnS insertion. In general, we found that both physical and genetic tests were required to fully characterize transposon-induced mutations.
Van Vliet et al. (21) and Beringer et al. (2) have recently described a general method for introducing transposons into the genomes of a wide variety of gram-negative bacteria. A broad host-range plasmid carrying both phage Mu and a transposon is conjugated from Escherichia coli into the recipient gram-negative bacterium. Many nonenteric recipients are not killed by zygotic induction of prophage Mu. Instead, the Mu-containing plasmid fails to replicate stably, thus permitting direct selection for the transposition of the transposon from the Mu-containing "'suicide plasmid" to a recipient genome. Using this procedure, Beringer et al. (2) obtained and genetically characterized a variety of auxotrophic and symbiotic mutants of Rhizobium leguminosarum, R. trifolii, and R. phaseoli caused by the insertion of the kanamycin/neomycin resistance-conferring transposon TnS. This technique has also recently been successfully used by Duncan (6) to isolate carbohydrate metabolism mutants of R. meliloti L5-30 and by Rolfe et al. (16, 17) to obtain symbiotic mutants of R. trifolii strains SU329 and SU843.
We have adopted the TnS suicide plasmid technique of Beringer et al. (2) to isolate neomycin-resistant mutants of R. meliloti which are defective in nodulation or nitrogen fixation or both, or which are auxotrophic. In this paper we describe the physical analysis of these mutants by using the Southern (20) gel transfer and hybridization technique. In combination with classical genetic analysis, the physical analysis demonstrates that some, but not all, of the symbiotic and auxotrophic mutant phenotypes can be correlated with a newly acquired transposon insertion. In approximately 25% of the cases, phage Mu sequences were found to transpose in concert with TnS, and in other cases, the mutant phenotypes could not be correlated with a transposon insertion event.
MATERIALS AND METHODS Bacterial strains and plasmids. The bacterial strains and plasmids used in (but not constructed during the course of) this study are listed in Table 1 . Some of the auxotrophic and symbiotically defective mutants of R. meliloti isolated during the course of this study are listed in Table 2 . R. meliloti 1021, the symbiotic effective parent strain in which TnS transpositions were prepared by sterilizing seeds of alfalfa (variety Media. LB medium is 1% tryptone (Difco Labora-"Iroquois") in ethanol and sodium hypochlorite, soaktories, Detroit, Mich.), 0.5% yeast extract, and 0.5% ing in water overnight, and planting on nitrogen-free NaCl (pH 7.2). The minimal basal salts medium (M9) agar (22) slants in 18-by-iS0-mm tubes. Individual used for the screening of R. meliloti auxotrophs has TnS-containing strains were suspended in sterile water been described (13) . LB and M9 media were supple-and added to duplicate tubes containing 1-week-old mented with neomycin (Nm) (50 Lg/ml), streptomycin germinated seedlings; approximately 1 ml of suspen-(Sm) (500 pg/ml), novobiocin (Nov) (50 ,g/ml), spec-sion, containing at least 106 bacteria, was added to tinomycin (Spc) (50 ,g/ml), rifamycin (Rif) (100 pg/ each tube. Inoculated plants were grown for 4 to 6 ml), gentamicin (Gm) (50 ,ug/ml), or tetracycline (Tc) weeks in a growth chamber (25°C, 16-h light at 200 ft-c (10 ,ug/ml), or any combination of these, when appro-[ca. 2,150 lx]). They were examined for the presence priate. LB and M9 media were solidified with 1.5% or absence of nodules and for symptoms of nitrogen agar (Difco).
starvation, which indicate ineffective symbiosis. Ni-G*netic techniques. Bacterial conjugations were per-trogenase activity was measured in the nodules by formed as described (12) , except that pGM102 was capping each tube with a serum stopper, injecting 1 ml used to mobilize the donor R. meliloti chromosome of acetylene, and withdrawing a 0.5-ml sample from instead of RP4. Derivatives of R. meliloti 1021 which the tube after 12 h to measure reduction of acetylene to contained TnS transpositions and which failed to grow ethylene by gas chromatographic analysis (8) . on unsupplemented M9 medium (see text) were Isolation of DNA. Total DNA was isolated from R. screened by the method of Holliday (9) on M9 medium meliloti strains according to the following procedure. to identify specific auxotrophic requirements. The A 5-ml saturated culture grown in LB at 30°C was reversion frequencies of presumptive TnS-induced suspended in 25 ml of 1.0 M NaCl, shaken on a wristauxotrophs were determined by growing cells in LB to action shaker for 1 h at 4°C, suspended in 25 ml of cold saturation (approximately 5 x 109 cells per ml), wash-TES buffer (Tris, 0.01 M, pH 8.0; 0.025 M EDTA; 0.15 ing, concentrating 10-fold, and then plating on minimal M NaCI), centrifuged, and suspended in 5 ml of cold medium (M9).
TE buffer (TES without NaCl). A 0.5-mi sample of Nodulatlon and nitrogenase assays. R. meliloti strains lysozyme solution (2 mg of Isozyme per ml in TE) was with TS insertions were screened for symbiotic phe-added to the resuspended cells. After 15 min of (14) and transferred to nitrocellulose as described by Southern (20) with modifications by Botchan et al. (3) . Purified DNAs were labeled with 32P by the nick translation method (11, 15) as described (14) . To remove hybridized DNA, nitrocellulose filters were washed at room temperature for 15 min in 0.02 M NaOH and then neutralized with 0.05 M Tris-hydrochloride, pH 7.0.
RESULTS

Transposon TnS confers neomycin resistance to
R. melloti. Transposon TnS (1) confers neomycin and kanamycin resistance and was chosen for these studies because the R. meliloti strains we study are naturally sensitive to relatively low levels of neomycin (20 ,ug/ml) and because TnS exhibits little site specificity and in general causes polar mutations (19) . To utilize TnS to generate insertion mutations in R. meliloti, it was first necessary to establish that TnS confers neomycin/kanamycin resistance to R. meliloti.
E. coli W3115 carrying plasmid pHM4021 (Tcr; carrying TnS) was conjugated with R. meliloti 1021 (Sm'). Tcr Smr R. meliloti exconjugants were selected and then tested for resistance to neomycin. All Tcr exconjugants tested were resistant to 100 jig of neomycin per ml. In comparison, growth of strain 1021 is inhibited by 20 ,ug of neomycin per ml, at which level spontaneous resistant mutants arise at a frequency of 10-7. pHM4021 replicates stably in R. meliloti 1021 and can be conjugated from this strain to appropriate E. coli recipients at a frequency of 10-4 per 1021 donor.
Suicide plasmid mutagenesis of R. meliloti. To obtain TnS transpositions to R. meliloti replicons (chromosome and indigenous plasmid[s]) we adopted the suicide plasmid techniques described by Van Vliet et al. (21) and Beringer et al. (2) to mutagenize Agrobacterium tumefaciens and R. leguminosarum, respectively. In particular, we used the P-type plasmid pJB4JI, constructed by Beringer et al. (2) , which confers gentamicin resistance and which carries TnS inserted into prophage Mu. Because plasmid pJB4JI does not replicate when transferred to R. meliloti, neomycin-resistant exconjugants should contain TnS transpositions to the Rhizobium genome.
E. coli 1830 (containing pJB4JI) was conjugated with R. meliloti 1021 (see Materials and Methods for details), and Nmr Smr exconjugants were obtained at frequencies ranging from 10-6 to 2 x 10-5 in different experiments. On the average, 99% of the Nmr exconjugants were sensitive to gentamicin, and these were candidates for strains containing Tn5 transpositions to R. meliloti replicons.
Physical analysis of presumptive TnS transposition strains for phage Mu DNA sequences. Utilizing the Southern gel transfer and hybridization procedure (20), we constructed a partial restriction map of pJB4JI surrounding the site of TnS insertion and corroborated genetic evidence presented by Beringer et al. (2) Fig. 2 and 3 ) and is probably a spontaneous Nmr mutant. The remaining strains (except lane 1) contain two internal XhoI fragments of TnS (labeled A and B in Fig. 2) . Lane 1 appears to contain a deleted form of Tn5. Lanes 1 through 5 and 7 contain at least one band which also hybridized to Mu DNA; these bands are indicated with small arrows. Lane 7 contains an "extra" boundary fragment (see Fig. 2 Physical analysis of presumptive bona fide TnS transpositions. In the experiment described in the previous section, 12 of 24 Nmr Gms R. meliloti exconjugants from a cross between E. coli 1830(pJB4JI) and R. meliloti 1021 did not contain Mu DNA sequences and were candidates for bona fide TnS transpositions. If TnS transposed from pJB4JI to new locations on the R. meliloti genome, it should have acquired new restriction sites on both sides which are different in independent transposition strains. Therefore, the DNA sequences surrounding TnS in 12 strains with symbiotic defects were characterized using the Southern gel transfer and hybridization method. The strategy employed in this experiment is illustrated in Fig. 2 .
Because TnS (5.7 kilobases) contains no recognition site for EcoRI (10) , an EcoRI digest of total cellular DNA from a strain carrying a single Tn5 element should contain a single EcoRI fragment that will hybridize with a 3 P-labeled Tn5 DNA probe. Figure 3A shows an autoradiogram The 11 Mu-containing strains were analyzed for the presence of plasmids by using a rapid screening method (7), and in all cases no plasmids could be detected, in contrast to strain 1021(RP4), in which RP4 was readily observed. This result indicates that these strains did not arise as the result of deletions of Mu and gentamicin resistance genes to produce derivatives of pJB4JI capable of replication in R. meliloti.
One of the 24 Nmr exconjugant DNAs tested in this experiment did not appear to contain Tn5 (Fig. iB, Fig. 2) to TnS and will be the same wher4 inserted. The other two fragments identical 0.5-kilobase TnS segments the "left" and "right" portions of thi XhoI fragment in which the TnS i These two boundary fragments (C ax 2) will vary in size, depending on the particular XhoI fragment into whict serted and on the location of TnS fragment, and are likely to be differe independent TnS insertion. Compar hybridization patterns in the differe Fig. 3B clearly shows that TnS is different locations in the eight differ Using the hybridization procedure d the legend of Fig. 3 , we have examin4 80 independent presumptive Tn. strains, and in all cases we conclud 5 6 7 8 strains carried a single TnS insertion, except in the case illustrated in Fig. 1B, lane 6 , in which no TnS element was found.
Isolation of TnS-induced auxotrophic and symbiotic mutants. The above physical analysis indim " cated that the suicide plasmid pJB4JI, despite some attendant problems with transposition of Mu DNA sequences, also generated some genu-_ _m4IU~SII ine TnS transpositions in R. meliloti. Therefore, we sought to use TnS to generate mutants with symbiotic defects. In addition, we sought TnSinduced auxotrophic mutants of R. meliloti because their more precisely defined phenotype analysis of would allow us to answer some technical quesbridization of tions about the Tn5 mutagenesis procedure as of DNA from described below. to Fig. 1 for The procedure outlined above was used to rs to XhoI obtain TnS transpositions in R. meliloti 1021; a strains. Each total of 6,000 Nmr exconjugants were purified by ments (desig-streaking for single colonies on LB-SmNm agar set of border and were then test-streaked for residual gentarent in each micin resistance (on LB-Gm agar) and auxotrowhich is most phy (on M9-Nm agar). To Fig. 3A trophs may indicate nonrandomness of TnS ins TnS three sertion or may reflect a high number of genes within each involving sulfur metabolism in R. meliloti; this is ences at the currently being investigated further. The properults in four ties of a few of the auxotrophs are listed in Table  Two of the 2.  are internal We also found at least 50 symbiotic mutants ever TnS is among the 6,000 presumptive TnS insertions. contain two The symbiotic mutants were grouped into two attached to categories, Nod-and Fix-: in the first case e particular nodules were not formed (although in some is inserted. cases some abnormal swellings or other root id D in Fig. reactions seemed to occur) ; the Fix-phenotype a size of the is defined by the formation of nodules which fail h TnS is in-to reduce acetylene. In both cases, nitrogen within this starvation symptoms in the host plant were -nt for each apparent. The number of Nod-mutants found ison of the was 4 (0.07%); the number of Fix-mutants .nt lanes in found was 46 (0.08%). inserted at
The 50 symbiotic mutants were subjected to a ,ent strains. series of genetic and physical tests which are iescribed in described in detail below. On the basis of these ed a total of tests, the mutations causing the lesions in the 4 S insertion Nod-and 16 of the 46 Fix-mutants appear to led that the correlate with the insertion of Tn5. Although ----the remaining 30 Fix-mutants contained a single TnS insertion, we were able to demonstrate that the Fix-phenotype of these strains was not due to the insertion of TnS but rather to the sitespecific integration of an endogenous R. meliloti insertion sequence into a cluster of essential "'Fix" genes closely linked to the structural genes for nitrogenase. We were able to demonstrate the existence of this endogenous R. meliloti insertion sequence because of the previous cloning of the R. meliloti structural genes for nitrogenase (18) . Characterization of this endogenous insertion sequence and the Fix-mutations caused by its site-specific transposition will be the subject of a separate publication. The properties of a representative Fix-mutant and a representative Nod-mutant are listed in Table  3 .
The 20 auxotrophic, 4 Nod-, and 16 Fixmutants which, in our initial screen, did not correlate with the transposition of an endogenous insertion sequence were tested for the presence of Mu DNA sequences by using the procedures described for Fig. 1 . Three of the auxotrophs, two of the Nod-mutants, and three of the Fix-mutants contained residual Mu DNA sequences, a significant proportion, although not as high as in the Nmr exconjugants as a whole. Hybridization expenrments similar to those illustrated in Fig. 1 indicated that the residual Mu sequences in these strains are still contiguous with Tn5 (data not shown).
All 40 of these auxotrophic and symbiotic mutants were also tested for the number of TnS elements present in the genome of each strain by using the hybridization procedures outlined in Fig. 3 Genetic characterization of TnS insertions. To determine whether TnS introduced into the R. meliloti genome via the suicide plasmid pJB4JI could function subsequently as a transposon in R. meliloti, we tested the ability of several bona fide TnS elements in R. meliloti to excise precisely and to transpose to new locations. In E. coli, precise excision occurs at frequencies ranging from 10-5 to 10-6 (1) , and transposition occurs at frequencies of to- (1) .
We tested for precise excision by selecting for prototrophic revertants of the 20 TnS-induced R. meliloti auxotrophic mutants. The reversion fre- aAll strains were R. meliloti.
b At least % were tested in each case.
I Al Nmr exconjugants were tested. NT, Not tested. The results presented in this paper indicate that once TnS has transposed in R. meliloti it does not readily transpose to a new location, nor does is excise precisely. These defects could be due to the fact that a TnS-encoded transposition repressor is more effective in R. meliloti than in E. coli and that initial transposition events occur in a repressor-free cytoplasm analogous to zygotic induction. Alternatively, these defects could be due to the lack of host-specific transposition factors(s) in R. meliloti which are supplied in trans by the suicide plasmid vector or by prophage Mu. This latter possibility is unlikely because a plasmid containing a ColEl replicon, the tra genes of RP4, and TnS can be conjugated into R. meliloti and used to generate TnS transpositions at a comparable frequency to pJB4JI (H. Meade, unpublished data). A missing transposition factor in R. meliloti could result in a structural defect in TnS elements which had transposed within R. meliloti such that subsequent transposition and excision events were impaired. A different type of explanation for the transposition defects of TnS in R. meliloti is that a host factor essential for an early step in transposition is missing in R. meliloti, resulting in a situation in which early transposition events occur in E. coli, a transposition intermediate survives conjugation into R. meliloti, and the transposition event is completed in R. meliloti. This latter model would allow transposition events to occur just once in the primary R. meliloti exconjugant cells.
One major consequence of the cotransposition of Mu + TnS sequences was that Mu-containing strains could not be used as TnS donors in conjugation experiments because no Nmr exconjugants could be obtained. In fact, before the physical analysis was performed indicating the presence of Mu sequences, these strains were considered to be an anomalous class, resistant to genetic analysis. Explanations for the failure to obtain Nmr exconjugants from these strains include the possibilities that Mu sequences are not readily mobilized or that they kill the recipient cells.
Another disadvantage resulting from cotransposition of Mu + TnS is that the mutant gene containing the Mu-TnS transposition cannot be readily cloned. In the case of bona fide TnS transpositions, the EcoRI fragment into which TnS has inserted can be easily cloned in E. coli because TnS does not contain an EcoRI site and because TnS-containing fragments can be selected for directly. Mu, however, contains two EcoRI sites, and when TnS and Mu have transposed together, the EcoRI fragment containing Tn5 may not contain host DNA flanking TnS. This prevents use of a method we have recently developed for the replacement of a wild-type gene in R. meliloti with a homologous cloned DNA fragment containing TnS (18), whose success depends on cloned host sequences flanking both sides of TnS.
It appears that pJB4JI behaves differently in various species of Rhizobium. For example, when three strains of R. trifolii were used as recipients for pJB4JI, one yielded no TnS-containing exconjugants, whereas TnS-containing symbiotic mutants were found in the other two (17) . Such differences have also been observed in R. meliloti: strain 102F51 (Nitragin Co., Milwaukee, Wis.) was found not to yield TnS mutants from a pJB4JI conjugation (H. Meade, unpublished data). Another example of variation in TnS behavior after a suicide plasmid mutagenesis is in R. leguminosarum, where a chromosomal TnS insert (ade-92::TnS) was successfully used as a source of TnS for new transpositions to an indigenous plasmid (4). The apparent frequency of transposition was between 10-4 and 3 x 10-6, within one or two orders of magnitude of the frequency found in E. coli. Thus in R. leguminosarum, TnS insertions generated by pJB4JI do not appear to have a pronounced defect for subsequent transpositions.
Although it is apparent from our results that there are problems in using suicide plasmid pJB4JI to generate TnS transpositions in R. meliloti, approximately half of the presumptive auxotrophic and symbiotic mutants isolated appear to be the result of legitimate TnS transposition events. Thus, pJB4JI can be used successfully in R. meliloti given that the mutations are subjected to the physical and genetic tests described here. Moreover, the legitimate mutants obtained are unusually stable for transposoninduced mutations and should prove to be very useful in the study of the R. meliloti-alfalfa symbiosis.
